Context. Type Ia supernovae (SNe Ia) have been an important tool for astronomy for quite some time; however, the nature of their progenitors remains somewhat mysterious. Recent theoretical studies indicated the possibility of producing thermonuclear detonations of carbon-oxygen white dwarfs (CO WDs) at masses less than the Chandrasekhar mass through accretion of helium-rich matter, which would, depending on mass accretion rate, mass, and initial temperature of the WD, spectrally resemble either a normal SN Ia or a peculiar one. Aims. This study aims to further resolve the state of binary systems comprised of a sub-Chandrasekhar-mass CO WD and a helium star at the point where an accretion-induced detonation occurs and constrains the part of the initial parameter space where this kind of phenomenon is possible. Methods. Preexisting data obtained through simulations of single, constantly accreting CO WDs is used as an indicator for the behavior of new binary models in which the WD is treated as a point mass and which include the non-degenerate partner as a fully resolved stellar model. We parameterize the ignition of the accumulated helium layer, changes in the WD temperature, and changes in the CO core mass depending on the mass transfer rate. Results. The initial conditions allowing for detonation do not form a single contiguous area in the parameter space, whose shape is profoundly influenced by the behavior of the donor star. Mass loss due to Nova outbursts acts in favor of detonation. According to our criteria, about 10% of the detonations in this study can be expected to show spectra consistent with ordinary SNe Ia; the rest exhibit peculiar features.
Introduction
Several decades ago, sub-Chandrasekhar mass thermonuclear detonation of carbon-oxygen white dwarfs (CO WD) initiated by an explosive ignition in an accreted layer of helium were deemed a promising model for a number of observed exploding stellar transients. These transients include Type Ia supernovae (SNe Ia) and other classes of transients resembling SNe Ia, like the spectrally peculiar "Iax" (see Foley et al. 2013 ) and, probably, subluminous "point Ia" (.Ia) Supernovae (Bildsten et al. 2007 ). González-Gaitán et al. (2014) discuss the observational properties of peculiar SNe Ia, while observational evidence of the nature of the progenitors of SNe .Ia was presented by Kilic et al. (2014) .
The possibility of a detonation in an accumulated helium envelope of a sub-Chandrasekhar mass CO WD was first investigated in the early 1980s (Taam 1980a,b; Nomoto 1980 Nomoto , 1982a . It was soon realized that, depending on a number of factors, ignition in the accumulated He-shell either led to the ignition and subsequent ejection of the He-shell only, leaving an intact CO core, or led to a secondary detonation of the CO core and thus the complete disruption of the WD. The mechanism leading to the complete destruction of the WD has become known as the "double detonation" scenario and has been investigated in a number of one-and multidimensional studies (Livne 1990; Livne & Glasner 1990 , 1991 Livne & Arnett 1995; Benz 1997; Livne 1997; Fink et al. 2007 Fink et al. , 2010 Sim et al. 2010; Kromer et al. 2010; Woosley & Kasen 2011) . This scenario is a subset of what has become known as "WD+He star channel".
This channel forms part of a picture of He-accreting WDs, introduced as candidates for SN Ia or SN .Ia progenitors, which also includes double degenerate systems featuring a He WD instead of a He star. Arguments in favor of the WD+He WD channel have been investigated by Shen & Bildsten (2009) .
During the course of the study of helium accreting WDs (Bildsten et al. 2007; Fink et al. 2007) , it was realized that helium detonations were possible even in comparatively low mass (< 0.0035 M ⊙ ) envelopes of accumulated material and that a detonation in the helium envelope of the WD (characterized by a supersonic shock in the medium) will robustly detonate the CO core Woosley & Kasen 2011) . It was also realized that synthetic spectra produced for some of the models investigated in the studies mentioned above resembled those of observed "normal" SNe Ia Kromer et al. 2010; Woosley & Kasen 2011) , while others more closely resembled those of SNe Iax.
These findings stimulated interest in whether double detonations could make a significant contribution to the rate of observed SNe Ia and that their subluminous and spectrally peculiar kin. More recently, a study by Wang, B. et al. (2013) used detailed binary evolution models and subsequent binary popula-A&A proofs: manuscript no. AA201527845 tion synthesis calculations to investigate the rate of SNe Iax that might result from double detonations. In that study, under the assumption that double detonation would always lead to a SN Iax or, at the very least, a spectrally peculiar SN, it was found that the rate of these phenomena can be adequately explained using the helium accretion double detonation model, assuming detonation at the point where a fixed amount of helium (0.1 M ⊙ ) has accumulated on the WD (cited sources: Ivanova & Taam 2004; Ruiter et al. 2011 ).
Very recently, numerical studies using population synthesis simulations and the Cambridge stellar evolution code (Liu et al. 2015a,b) have suggested the WD+He star channel as a promising candidate mechanism for the creation of SNe Iax, arguing, however, that a small fraction of SN Iax may be the result of helium deflagrations (see Sec. 2) on the WD component rather than detonation.
In reality, the amount of accumulated helium in a CO WD at detonation is expected to be a function of the initial mass and temperature of the CO WD and of the mass accretion rate of helium-rich matter. This has been investigated by Ruiter et al. (2014) , who compared occurrence rates of helium accretioninduced detonations of white dwarfs using a variation of assumptions regarding input physics, including a prescription of variable shell ignition masses adapted from Iben & Tutukov (1989) . Whether the helium detonation leads to a peculiar SN event or to an ordinary-looking SN Ia would also depend on this. In our study we combine some of the data provided by preexisting research (mainly from Woosley & Kasen 2011) with new binary evolution calculations to investigate the impact of allowing for the mass of the helium accumulated on the WD to vary with parameters such as the system's mass transfer rate and the mass of the accreting WD on the distribution of detonating systems in the parameter space. From this data, we generate a distribution of the expected helium shell masses, allowing for an estimate of the ratio of high to low final helium shell masses, which have an impact on the spectra produced by double detonation Woosley & Kasen 2011) . We are also able to make a statement about the post-SN state of the donor star, which might be of use in the explanation of single high velocity stars (see Geier et al. 2015) .
This article is organized as follows. In Sec. 2 we describe the input physics of our models and the computational framework. In Sec. 3, we first discuss the behavior of helium donor stars using single helium star models (Sec. 3.1), and describe physical and numerical restrictions and their impact on our choice of the considered parameter space. Then (Sec. 3.3) we present binary evolution models for which mass transfer from the helium donor star is computed self-consistently with the orbital evolution of the binary system, while the CO WD is approximated as a point mass, and discuss the observational implications. We conclude our study in Sec. 4.
Numerical methods and physical assumptions

Detonation conditions and mass transfer efficiency
The ability of single white dwarfs undergoing accretion of He-rich matter at a constant rate to produce a detonation in the accumulated He-shell has been studied in some detail by Woosley & Kasen (2011) . A number of cases characterized by the WD mass and the mass accretion rate were simulated and many of them produced helium detonations powerful enough to detonate the CO core either by way of an inward shock, if the detonation occurred above the surface of the CO core, or by sim- Woosley & Kasen (2011) in the relevant mass range. Points and lines plotted in blue are valid for cold dwarfs, red points and lines for hot dwarfs. Masses are given in units of M ⊙ . We assume that a detonation on the white dwarf component occurs when a system crosses the interpolated lines.
ple compression, if the detonation occurred at the surface of the CO core. For CO white dwarfs between 0.7 M ⊙ and 1.1 M ⊙ , a helium ignition violent enough to lead to CO core detonation may occur at constant accretion ratesṀ between 1 · 10 −8 M ⊙ /yr and 5 · 10 −8 M ⊙ /yr. The critical mass of the helium shell depends on the initial temperature and mass of the white dwarf for a given mass accretion rate. The initial temperatures of their models are defined according to the initial luminosity: hot with L = 1.0 L ⊙ and cold with L = 0.01 L ⊙ . Accretion rates and final helium shell masses for detonating models as found by Woosley & Kasen (2011) are shown in Fig. 1 . It has also been shown that helium ignition, if occurring at accretion rates higher than those indicated in Fig. 1 , would not lead to a subsequent detonation of the CO core. These systems instead underwent a "deflagration" event characterized by a subsonically propagating burning front, which led to the ejection of the shell in a novalike process, leaving the CO core intact. Detonations, however, always led to a subsequent detonation of the CO core, provided the models' zoning was sufficiently fine.
The response of the WD to accretion is described in terms of the the amount of mass retained on the WD versus the amount of mass accreted onto the white dwarf (with the remaining mass being ejected from the system). This relation is called "mass acculumation efficiency", which can be expressed as
whereṀ acc is the rate of material accumulated on the accretor andṀ is the rate of material being transferred from the donor. Depending on the mass transfer rate, in the case of η > 0 the retained material either simply accumulates in the form of a helium layer of increasing thickness (low mass transfer rates), hereafter referred to as "steady accumulation" or is partially or fully processed into carbon or oxygen (higher mass transfer rates). At accretion rates higher than those allowing for steady accumulation, consecutive nova outbursts preclude the buildup of a helium layer of sufficient mass to trigger a CO core detonation. At even higher accretion rates, a stable nuclear burning shell may develop on the WD, leading to steady growth of the CO core. The "Cold" models "Hot" models All models η = 1 (steady accumulation) Fig. 2 : Illustration of the parameters of the prescription used for the mass accumulation efficiency (see Eq. 2) at different mass accretion rates. In the area denoted by red-blue stripes, the upper limit for η = 0 differs for hot and cold models. The dash-dotted line applies to cold models and the dashed line to hot models. η is changed from 1 to 0 when the time-averaged accretion rate crosses the dash-dotted or dashed lines, while for all other lines the actual accretion rate is the deciding parameter. Note that the upper η = 1-regime denotes steady helium burning while the lower one denotes steady accumulation of helium on the CO core without nuclear burning.
value of η depends on the the mass of the white dwarf and the helium accretion rate. The evolution of η for different white dwarf masses and accretion rates has been studied by Kato & Hachisu (2004) , whose estimates we use whenever our systems show accretion rates high enough to make them a viable option. Numerically, the resulting values for η fall between 0.3 and 1 increasing with the mass transfer rate. We use the following prescription for η over the whole range of occurring mass transfer rates (see also Fig. 2 ),
whereṀ WK,max is the upper limit of the mass transfer rates studied by Woosley & Kasen (2011) corresponding to the maximum sustainable mass transfer rate for steady accumulation,Ṁ KH,min the lower limit of the range studied by Kato & Hachisu (2004) corresponding to the minimum sustainable rate for η ≥ 0, and [Ṁ] is the time averaged mass transfer rate.
Computational framework
The time-dependent evolution of the donor star properties, mass transfer rate, and binary orbital separation are calculated using the binary evolution code (BEC), a well-established simulation framework capable of performing detailed one-dimensional experiments of single or binary systems (Langer et al. 2000; Yoon & Langer 2004 ). This framework resulted from a development by Braun (1998) of a preexisting implicit hydrodynamic stellar evolution code (Langer 1991 (Langer , 1998 ). Here we study shortperiod binary systems with initial orbital periods ranging from 0.02 to 0.12 days, WD masses between 0.8 and 1.0 M ⊙ , and helium star donor masses between 0.5 M ⊙ and 1.0 M ⊙ . 
(see Ritter 1988; Kolb & Ritter 1990 ). Here, H P is the photospheric pressure scale height, R the stellar radius as defined by the lower edge of the photosphere, R L the Roche lobe radius for which we use the approximation by Eggleton (1983) , anḋ
where v S is the speed of sound in a plasma as defined by v 2 S = ℜT/µ with ℜ being the ideal gas constant, T the plasma temperature, µ the mean molecular weight, and Q is the effective stream cross section calculated as prescribed by Meyer & Meyer-Hofmeister (1983) . At this point it should be noted that WDs in the mass range of Renedo et al. 2010) . This means that the shortest period systems would not have sufficient time to cool to L = 0.01 L ⊙ . Therefore, the temperature of the white dwarf at the end of the common envelope phase necessary to produce this kind of system will have a significant impact on the subsequent binary interaction. Detailed investigations of the thermal evolution of a white dwarf during a common envelope phase would be required to allow more precise predictions. However, such studies have not found their way into the literature as of this time.
Systems in whichṀ exceedsṀ WK,max but remains in the area of the parameter space where η < 1 are in a phase of consecutive nova outbursts. If the mass of the CO core increases with stable helium burning, the corresponding detonation line is obtained by interpolating the existing detonation lines (Fig. 1 ). In the case of the WD mass exceeding 1.1 M ⊙ , which is the largest considered by Woosley & Kasen (2011) , our simulation is aborted since the non-monotonic nature of the detonation points with respect to the CO core mass makes simple extrapolation towards higher masses a risky option. The great majority of systems containing donors more massive than 1.0 M ⊙ lead to CO cores heavier than 1.1 M ⊙ because the nuclear timescales of the heavy donors lead to high enough mass transfer rates to induce stable burning of the accreted material. This increases the CO core mass considerably and precludes detonation via the double detonation mechanism. This is the reason why we limit the parameter space considered in this study to donor and WD masses smaller than 1.0 M ⊙ . During the research described in this work, estimates of a wider range of parameters of the reactions to and outcomes of mass accretion onto WDs has become available, and any future study of this kind would be well advised to utilize them (Piersanti et al. 2014) . We would also like to emphasize that the accretion efficiencies given by Kato & Hachisu (2004) are somewhat high and that the discrepancy with Piersanti et al. (2014) has been shown to have a non-negligible influence on the expected event rates and on the resulting final He-shell masses (Ruiter et al. 2014) . Crossover from the lower η = 1-regime into the η = 0-regime is A&A proofs: manuscript no. AA201527845 treated as an indicator that the system undergoes a deflagration (i.e., a subsonic shell explosion), during which all of the accumulated helium is ejected, with the CO core left intact. If the WD model is in a "cold" state when this crossover occurs, it is switched to a "hot" state for the remainder of the simulation.
The resulting sudden loss of mass in a Nova event has a significant impact on the Roche lobe radii, which heavily influences the system's mass transfer rate, and therefore has to be taken into account. This is accomplished by subtracting the mass of the helium shell from the mass of the white dwarf whenever the time averaged mass transfer rate exceeds the range given in Fig. 1 . Since the binary evolution code assumes circular orbits for binary systems, the angular momentum loss associated with the loss of mass from the accretor is dealt with by changing the orbital separation to that of a circular orbit of the same angular momentum as the realistic, elliptical orbit after mass loss.
Simulation results
Evolution of the donor star
As described in Sec. 2, in this study we treat the white dwarf component of the system as a point mass. Its state is entirely defined by the mass of the white dwarf and the mass of the helium layer that has been deposited on it, and by the system's current mass transfer rate. This means that the evolution of the system is dominated by the evolution of the orbital separation, which is a product of the history of the binary interaction and of angular momentum loss due to GWR, and the evolution of the He-star. The evolution of the donor star is influenced by mass transfer. In this section, we try to disentangle those behaviors that would be exhibited by the donor star in isolation from those that result from binary interaction.
The evolution of single helium stars has been studied extensively in the past (see, e.g., Eggleton et al. 2006 ), but in the interest of consistency, we discuss below the evolution of the particular models used in this study. These models were created by following the evolution of a hydrogen main sequence star up to the onset of helium burning and then removing the remaining hydrogen envelope. The mass of the resulting model was then self-consistently changed to the desired value and, with nuclear energy generation switched off, computed until thermal equilibrium was achieved. Fig. 3 shows the theoretical paths through the Hertzsprung-Russel diagram (HR-diagram) taken by He stars in isolation. All of these stars possess convective cores having M core /M star = 0.2 in our 0.5 M ⊙ models and M core /M star = 0.25 in the 1.0 M ⊙ models at the helium zero age main sequence, which grow to between M core /M star = 0.3 and M core /M star = 0.55 at the end of core helium burning, respectively. Thermal pulses develop for 0.5 M ⊙ -0.7 M ⊙ after the core helium burning phase with radius changes of a factor of 2 to 3. Any mass transfer occurring during these pulses will exhibit mass transfer rates according to the thermal timescale (Ṁ ∼ 1 · 10 −6 M ⊙ /yr), which is above the regime required for detonation (see Fig. 1 ). After the end of the pulse phase, all of the low mass stars will become CO WDs.
The more massive He stars (> 0.7 M ⊙ ) exhibit no significant pulses, but after the end of core helium burning they expand to become giants. At this point the simulation is stopped with the understanding that mass transfer rates during the giant phase of a donor would be far too high for double detonation to be possible. These systems would most likely enter a common envelope phase. In any case, these systems lie outside the parameter space accessible to this study (see Sec. 3.2).
Initial parameters of the investigated binary systems
The parameter space under scrutiny in this study covers initial white dwarf masses M WD = 0.8 M ⊙ ... 1.0 ⊙ , M He = 0.5 M ⊙ ... 1.0 M ⊙ , and initial orbital periods P init = 0.03 ... 0.11 days. Since we use the results of Woosley & Kasen (2011) for this study, we are generally restricted to the parameter space of white dwarf masses investigated by them (0.7 M ⊙ ≤ M WD ≤ 1.1 M ⊙ ). Their data for M WD = 0.7 M ⊙ is too sparse for us to use. Their data for M WD = 1.1 M ⊙ is less sparse, but since the CO core masses of our white dwarfs may grow over the course of our calculations, we would be forced to extrapolate the existing data to CO core masses beyond 1.1 M ⊙ . This also limits the range of donor masses accessible to us. Since the nuclear timescale of helium stars of masses M Donor > 1.0 M ⊙ approaches 10 6 yr, mass transfer will be in the steady burning regime (η = 1) already on the helium main sequence (see also Yoon & Langer 2003) . Calculations performed during the course of this study have shown that in these cases the CO core mass of the accretor invariably exceeds 1.1 M ⊙ at some point, regardless of the chosen initial WD mass or initial orbital period. We thus set the upper limit for the range of donor star masses at the cited value of M Donor = 1.0 M ⊙ . The lower boundary of our donor star mass range is provided by the inherent behavior of low mass helium stars. Helium stars with masses below 0.3 M ⊙ fail to ignite altogether, and contract to become He white dwarfs. Helium stars with masses of 0.4 M ⊙ experience nuclear burning in their core and expand, resulting in Roche-lobe overflow (RLOF) in binary systems, but owing to their long nuclear timescale (∼ 10 8 yr), a rather large proportion (more than 50 % in all cases) of their initial mass needs to be lost to the companion in order to initiate a detonation. These models usually fail to converge after a significant amount of mass has been lost to the accretor. The donor, however, is expected to eventually become a CO WD. Readers are referred to Piersanti et al. (2015) and Brooks et al. (2015) for detailed evolutionary models of these systems. The lower end of the initial period distribution is provided by the point for which the radius of a donor star at helium zero age main sequence equals that of its Roche-lobe. The upper end is the point where the lowest mass donor stars do not experience RLOF before becoming electron degenerate. Since higher mass donors become giants for periods larger than 0.12 d, low mass transfer rates that lead to He detonation are not expected. This leads us to the conclusion that periods longer than 0.12 d are not relevant to the present study. We expect our calculations to retain some predictive power when moving to smaller WD masses, provided their composition is similar. However, Iben & Tutukov (1985) showed that some possible outcomes of binary main sequence evolution contain hybrid HeCO white dwarfs as an intermediate between the mass ranges for archetypical He WDs and CO WDs. Whether the results in these cases are comparable would have to be verified independently.
Discussion of binary results
Mass accretion modes
The most obvious information to be gained from this study is which systems in the initial parameter space might result in a detonation. For the discussions that follow, the initial parameter space where detonation occurs is called the detonation zone. The graphs depicted in Fig. 6 indicate the positions of all sys- Steady accretors: These systems experience a single episode of mass transfer until detonation occurs or until the mass transfer stops as the donor star becomes a WD. One implication of this mode of mass transfer is that the donor star will still be on the helium main sequence at detonation, if detonation occurs. These systems tend to have relatively low mass transfer rates (Ṁ ≈ 1·10 −8 M ⊙ /yr), and hence relatively high He masses at detonation (M He > 0.15 M ⊙ ). Steady accumulation (η = 1) will lead to fairly predictable outcomes, as is discussed in Sec. 3.3.2. An example of this system type is 05080050. As shown in Fig. 4a , mass transfer starts while the donor star is still on the helium main sequence. It proceeds at a relatively low rate, growing only as a result of angular momentum transport to the accretor until the detonation conditions are met, as shown in Fig. 5a , and then the WD detonates.
Non-steady accretors: These systems cross the boundary between η = 1 and η = 0 (see Fig. 2 ) multiple times during their evolution. Since η = 0 means that the transferred He is ejected by helium deflagrations, significant amounts of matter can be removed from the system through multiple crossings. The donor mass and the mass transfer rate decrease in the subsequent evolution. This can lead, in some high-mass-donor systems to otherwise unexpectedly massive helium shells at detonation. Usually, as explained in Sec. 3.1, massive donor stars would imply high mass transfer rates, which then lead to low helium shell masses at detonation (see Sec. 2 and Fig. 1 ). Non-steady accretion can occur for any donor mass, but in low mass donors, it will invariably remove such a large amount of helium from the donor that the helium remaining on the donor afterwards will be insufficient to cause a detonation on the WD. Non-steady accretion occurs exclusively in case BA-systems 1 . Non-steady accretors are therefore a special class among the systems of this study. One such system is 10080035. As shown in Fig. 4b , the critical mass transfer rate for deflagrations is crossed multiple times while the donor star is still proceeding through helium main sequence evolution, each mass ejection widening the orbit and reducing the mass transfer rate until the rate is low enough for steady accumulation of helium on the accretor. Fig. 5b shows that the detonation line is then crossed, and the WD detonates.
Single deflagration: These are systems that cross the boundary from η = 0 to η = 1 exactly once. Systems of this kind invariably cross into the regime of 0 < η < 1 initially. As in nonsteady accretors, mass transfer from the donor is very efficient, but instead the mass is partially or completely added to the mass of the accretor's CO core. Systems of this type usually exhibit very small helium shell masses at detonation, which are due to the accretor being heated by a deflagration early in its evolution and which makes them prime precursor candidates for ordinarylooking SNe Ia. One such system is 08080055, shown in Fig. 4c . Here, initially high mass transfer rates are continually reduced by the increase of the donor's nuclear timescale following mass loss and angular momentum transfer to the accretor. Eventually the mass transfer rate decreases sufficiently for steady accumulation of helium to become possible, and the WD detonates. 
Fig. 4: Orbital parameters and mass transfer rates over time after HeZAMS of various systems studied in this paper. Radii are mapped to the left hand y-axis of each diagram, mass transfer rates to the right. The seven-digit numbers in each diagram denote the identity of the represented system as defined by its initial parameters. The first two digits are equal to the mass of the donor star divided by 0.1 M ⊙ , the second two digits are equal to the mass of the WD divided by 0.1 M ⊙ , and the last four digits are equal to the initial orbital period divided by 0.001 d.
[Ṁ] is the time-averaged mass transfer rate, R 1 the radius of the donor star, R Roche,1 the radius of the donor star roche lobe. RLOF 1 denotes times when R 1 ≥ R Roche,1 and, consequently, the donor star experiences Roche lobe overflow.
Single deflagration systems and non-steady accretors enter a phase of continual mass loss by crossing the [Ṁ] >Ṁ WK,maxboundary as described in Sec. 2.
Biphasic: Biphasic systems, which occur exclusively in systems with mass ratios close to unity, are characterized by a limited phase of RLOF during the helium main sequence lifetime of the donor where the conditions for detonation are not met. The donor then contracts, ending mass transfer before initiating shell helium burning and expanding rapidly, which results in extremely high mass transfer rates, eventually reducing the mass transfer rates sufficiently for detonation to occur. An example of this kind of system is shown in Fig. 4d. Fig. 6a shows the final helium shell masses of CO WDs in systems with M WD = 0.8 M ⊙ . Below M Donor = 0.7 M ⊙ , steady accretion dominates (see Fig. 4a for example). The timescale for orbital angular momentum loss decreases as the orbit gets smaller, and the mass transfer rate increases accordingly. This leads to a lower helium shell mass for a shorter orbital period for a given donor mass. As is seen in Fig. 4a , stars with masses of less than 0.7 M ⊙ expand slightly during their helium main sequence. Longer initial periods therefore mean that the donor fills its Roche lobe when both stellar and Roche-lobe radii are larger, thus only allowing relatively weaker enhancement of the mass transfer rate due to emission of GWR, in turn leading to larger helium shell masses at detonation.
Systems with
The decrease in the helium shell mass at the upper period boundary of the detonation parameter space is expected. Longer initial periods mean that RLOF will happen closer to the end of the donor star's main sequence lifetime. Towards the end of the donor's main sequence evolution, mass transfer is mainly driven by the shorter nuclear timescale of the star, inducing higher mass transfer rates. This results in smaller He-shell masses at detonation (see Fig. 1 ). The mechanism of this decrease is applicable to all systems in this class.
It is also evident that the mass of the helium shell necessary to detonate a CO WD of a given mass decreases with increasing donor star mass. This is consistent with expectations that the mass transfer rate becomes higher as the nuclear timescale becomes shorter.
System 10080035 (M Donor = 1.0 M ⊙ M WD = 0.8 M ⊙ , P = 0.035 d) exhibits non-steady accretion (Figs. 4b and 5b ). This system first experiences a high mass transfer rate, driven by its relatively short timescales of nuclear burning and GWR. The mass ejected from the system is mostly lost via small-scale ejections. With the orbit widening under the influence of mass exchange, the radius of the Roche lobe exceeds the stellar radius and the mass transfer stops. The donor continues to contract for a while thereafter, but expands again while the Roche lobe continues to contract owing to GWR. Once the star fills its Roche lobe again, depending on the star's current mass, the mass transfer rate may again exceedṀ WK,max , inducing a deflagration and ejecting the helium accumulated on the WD up to that point. This in turn inflates the donor star's Roche lobe and prompts mass transfer to cease, until the donor fills its Roche lobe once more. Repeated mass ejections lead to the loss of 0.16 M ⊙ in this system.
The two systems 08080055 and 08080060 are separated from the main body of the detonation zone (08080060 depicted in Fig. 4e ). This seems to be caused by an interplay between the radius increase of the donor star and the loss of angular momentum via GWR. Systems with longer and shorter periods (namely 08080055 and 08080070, Figs. 4f and 4g, respectively) either exhibit too high a mass transfer rate or fail to accumulate sufficient mass in order to initiate a detonation. This shows that He detonation may happen even in parts of the parameter space which is unconnected to the main detonation zone.
This particular grid contains two systems, denoted by filled circles, which became numerically unstable after approaching their detonation line to within 1% of the mass needed for detonation. Most likely these systems would eventually detonate, but we are unable to exactly calculate, within our methodology, the necessary amount of mass. In these cases, the color shading indicates the amount of mass that was accumulated at the point where the model became unstable, with the understanding that the amount of helium present on the WD, were it to detonate, would be slightly larger than indicated. Fig. 6b shows the final helium shell masses of CO WDs in systems with M WD = 0.9 M ⊙ . As with systems containing WDs of masses of 0.8 M ⊙ , almost all detonating systems containing donor stars of M Donor ≤ 0.9 M ⊙ undergo steady accretion; system 10090040 is of the non-steady type and Systems 09090050 (discussed below) and 10090050 are biphasic.
System 09090050 (see Fig. 4d ) is an interesting case of biphasic mass transfer. Case BA mass transfer occurs initially, but the star contracts in response to high mass loss rates, then expands as a result of core helium depletion, initiating case BB mass transfer. The initial mass transfer rate in this second mass transfer episode is high, but decreases owing to the increase in the orbital separation, induced by mass transfer to the, then, more massive accretor, which then detonates.
System 10090050 is separated from the rest of the detonating systems. Both of these systems are biphasic, but in 10090045 -owing to the smaller orbital separation at the start of the BB phase -a deflagration is triggered. This leads to a premature ejection of the helium envelope of the white dwarf, inhibiting detonation. Fig. 6c depicts the final helium shell masses in the systems containing a 1.0 M ⊙ WD. All of these systems except 0910005, 0910006, 0810006, and 0810007 feature steady case BA accretion. System 0910005 undergoes two distinct phases of mass transfer and the rest of the mentioned systems are of the single deflagration type. The unexpected (compare to Wang, B. et al. 2013 ) extension of the detonation zone towards longer initial periods is due to the WD requiring less helium to be accumulated for detonation once it has been heated through accretion at high mass transfer rates. Other features of this data set are similar to those containing lower mass WDs.
We note that the area of all these parameter spaces where detonation follows a single episode of case BA mass transfer corresponds well to the contour found by Wang, B. et al. (2013) . Fig. 7 shows the final mass of the accumulated helium shell of our models over the initial mass ratio (here defined as q = M 1 /M 2 ). Helium shell masses of less than about 0.14 M ⊙ are realized only at mass ratios higher than q = 0.8, i.e., there is a marked absence of systems with both small final helium shell The orange star represents the state of the system at the moment of detonation. The detonation lines shown in plots a) and c) are appropriate for each WD CO core mass at the time of detonation. In systems b) and d), the given detonation lines did not cover the necessary parameter space and had to be extrapolated to lower mass transfer rates and interpolated with respect to the WD's CO core mass. The resulting inter-and extrapolations are given byṀ h,i/e (M Shell ). In systems b) and d), mass transfer crosses into the nova regime, which allows for a change in mass of the CO core. The final WD's CO core mass of system b) is 0.8 M ⊙ , that of system d) is 1.059 M ⊙ . As in Fig. 4 , the labels identify each system by means of their initial parameters. mass and small mass ratios, roughly indicated by the hatched area, because lighter WDs require a larger buildup of helium (see Shen & Bildsten 2009; Iben & Tutukov 1991; Woosley & Kasen 2011) and the higher accretion rates from a higher mass donor star will cause stable burning on the WD, lowering the helium threshold for detonation. The apparent bias of longer initial periods towards larger final He-shell masses is mainly due to the fact that only lower mass donors will initiate a detonation at longer periods. Fig. 8 shows the total mass lost by a system as a function of q. No system with q ≤ 0.78 undergoes any appreciable mass loss before detonation because mass donors will, after a short phase of expansion, contract to become a white dwarf.
Pre-detonation conditions
Systems with q ≥ 0.78, however, do lose appreciable amounts of helium before detonation. This is due to higher mass donors transferring mass to the accretor, if RLOF happens during their helium main sequence, at higher mass transfer rates corresponding to their relatively shorter nuclear timescale. Because the transfer rates are high enough to trigger a nova-cycle, the transferred mass is then lost from the system. With their initial mass reduced, and, consequently, their nuclear timescale increased, expected mass transfer rates will be lower. This means that these initially more massive donors can still contribute sufficient amounts of helium at sufficiently low mass transfer rates to lead to detonation.
At this point it should be mentioned that Mulligan & Wheeler (2015) have found evidence for a correlation between SNe Ia and observable circumstellar matter. However, since the mass ejections in our systems generally happen several Myr before detonation, the ejected matter will generally have dispersed sufficiently at the point of detonation to no longer be detectable, though we do not discount the possibility of circumstellar medium being generated by processes which cannot be resolved by our methodology. The cumulative probability for detonations involving less than a specified amount of helium based on the grids produced in this study is depicted in Fig. 9 . It is immediately evident that in our parameter space there is a clear bias toward helium shell masses larger than 0.15 M ⊙ . This, again, is due to the fact that detonations induced through steady accretion in systems with small mass ratios are clearly favored. The median He-shell mass at detonation is found at 0.171 M ⊙ and the average mass at 0.163 M ⊙ . Woosley & Kasen (2011) computed spectra for different WD masses and a range of final helium shell masses. The positions of our models in the stated parameter space is visualized in Fig. 10 . In Tab. 1, we list the systems that satisfy the low He mass condition to produce ordinary SNe Ia. There is a significant bias towards mass ratios of q ≥ 1 and initial orbital periods smaller than 0.06 d for the formation of these systems. All of the steady case BA systems accumulate too much helium such that pro- : Cumulative probability distribution of accumulated Heshell masses prior to detonation. The probability of a system having a given set of initial parameters at the HeZAMS is assumed to be equal for the entire initial parameter space. The blue tics at the bottom of the graph show the helium shell mass of all individual data sets. The vertical lines indicate the median and average He-shell masses at detonation.
ducing an ordinary Type Ia spectrum from an initially cold WD is not likely. Only accretion onto hot WDs, which can be produced by steady case BB mass transfer or novae, would lead to final helium shell masses consistent with normal SNe Ia spectra. The fraction of these low helium shell systems of all detonating systems is only about 0.1. We conclude that short-period binary systems consisting of a He star and a CO WD in the considered mass range cannot be considered a major channel towards ordi- Table 1 for producing normal SN Ia-like spectra at detonation. Each outline is valid only for dots of the same color. 
Properties of donors at detonation
The donor star would be unbound from the binary system once the detonation disrupts the WD. Fig. 11 shows the positions of the donor stars in the HR diagram. The stars lie in close proximity to the helium main sequence. Fig. 11 also reveals a clear bias for brighter donors to have smaller final orbital velocities, which have been found to lie between ∼ 300 km/s and ∼ 440 km/s. A similar study was conducted by Wang & Han (2009) , though using a different methodology. Owing to the differences in methodology and range of the initial parameters, the results of this study cannot easily be quantitatively compared with these previous results, but a qualitative comparison of the expected final orbital velocities can be used as a sanity check on both studies. While we can therefore neither confirm nor disprove the distributions calculated in Wang & Han (2009) , we can at least confirm that in the relevant portion of the parameter space, the final orbital velocities of the donor star correspond closely to the values found in the present study. It should also be noted that the observed runaway helium star found by Geier et al. (2015) exhibits a galactic rest frame velocity higher than found in our sample. Since that particular runaway star has already left the galactic plane and has therefore lost a significant fraction of its initial velocity, its current state is not explained by these calculations. Recently, progress on the question of the immediate predetonation state of SN Iax progenitors has been achieved with the observation of one such object by McCully et al. (2014) , who have confirmed that the progenitor of SN 2012Z was a bright, blue source. The exact nature of this source is still being debated. Data seems to point to either a main sequence (hydrogen) star of M ∼ 18.5 M ⊙ , an early stage blue supergiant of M ∼ 11.0 M ⊙ , or a late stage blue supergiant of M ∼ 7.5 M ⊙ . However, a helium giant of M ∼ 1.2 M ⊙ cannot be excluded. Measuring the maximum luminosity at shock breakout, Yamanaka et al. (2015) determined the radius of the source to have been ∼ 2.0 R ⊙ . Assuming that the source is indeed a helium star, this radius measurement would indicate an extended envelope. While, at the time of writing, observation supports the notion that the above mentioned source was part of an interacting binary, robust observational confirmation of these data will require the SN itself to have faded. Discounting the possibility of the radius measurement being influenced by the existence of an accretion disc, it is likely that this particular progenitor is unlike the short-period WD+He star binaries studied here and that at least either the detonation mechanism or, if the progenitor is indeed a binary component, the mass accretion or mass transfer mechanism must be of a different nature. However, a recent effort (Foley et al. 2015) has failed to identify the progenitor of the type Iax supernova SN 2014dt, but has excluded sources that are very similar to the progenitor of SN 2012Z. This indicates that a variety of progenitor systems may be capable of producing SN Iax events, which, at present, do not seem to exclude WD+He star systems in general and double detonation scenarios in particular.
Conclusions
We conducted an extensive survey of the parameter space of very short-period He-star CO WD systems, varying initial donor mass, WD mass, and initial orbital period. Parameterizing detonation conditions and mass accretion efficiency according to Woosley & Kasen (2011) and Kato & Hachisu (2004) , we found that accumulated helium shell masses in the single degenerate double-detonation scenario are strongly biased toward values larger than ≈ 0.1 M ⊙ . Using the final helium shell mass as a yardstick as to the likelihood of resulting spectra resembling normal A&A proofs: manuscript no. AA201527845 type SNe Ia, we infer that these spectra might be produced by about 10% of the systems in our sample that result in a detonation. With the rest of our sample we only expect peculiar SNe Ialike events, which, according to Woosley & Kasen (2011) , might include SNe Iax. We conclude that the systems considered in this study are unlikely to account for more than a small fraction of the normal SN Ia rate. The obvious reason for this conclusion is that, if this were the main channel of SN Ia production, a much larger ratio than the reported value of 5-30% of SN Iax to normal SN Ia would be expected to be observed (McCully et al. 2014) . We predict that the average WD in our sample will accumulate 0.163 M ⊙ of non-processed helium before detonating. The apparent absence of systems of this configuration in nature could point towards non-negligible contributions from physical processes not included in this study, such as the effects of rotation and/or magnetic fields, as well as mass accretion dynamics (i.e., the existence of an accretion disk and non-uniform distribution of the accreted material). Quantitative issues might arise from the sparsity of previous model predictions concerning ignition conditions for a CO WD with respect to its mass, mass transfer rate, and temperature, as well as the predicted mass retention efficiency. The possibility of helium accretors of the considered mass range being a significant contributor to supernova events exhibiting peculiar spectra merits further investigation, though the marked absence of observed events featuring amounts of helium as large as the ones predicted by this study casts doubt on the assumption of systems of the type considered here being a significant contributor to SNe Iax rates. Furthermore, the question of how much variation in the spectrum could be expected for slight variations in the WD-mass and temperature would be a promising line of inquiry. Also, significant changes in the predicted outcomes of these systems would be expected depending on the state of the WD at the beginning of interaction with the He-rich companion due to the variation in the accreted helium mass required for detonation depending on the initial temperature of the accretor. In all likelihood, a more detailed understanding of the evolution of a degenerate component in a common-envelope system would be advantageous.
